have not yet been identified. For example, it is not known IV activates the transcription factor CREB, and expresif neuronal activity influences dendritic growth by inducsion of a dominant negative form of CREB blocks caling local cytoskeletal changes at sites of synaptic concium-and CaM kinase IV-induced dendritic growth. 
Introduction

Results
Neuronal activity exerts a profound influence on the patterning of dendrites during development (reviewed
The effects of neuronal activity on dendritic growth were in Cline, 2001 ). This view is based on an extensive literaexamined in cortical cultures prepared from embryonic ture of activity deprivation experiments, which suggest day 18 rats. The dendritic morphology of individual neuthat loss of normal activity during development leads to rons was visualized by transfection of ␤-galactosidase lasting deficits in dendritic development. For example, at E18 ϩ 2 days in vitro (DIV) followed by ␤-galactosidase activity blockade by various pharmacological intervenimmunocytochemistry 2 days post-transfection. This tions leads to deficits in dendritic growth in Xenopus method reveals the detailed dendritic morphology of tectal neurons (Rajan and Cline, 1998) , and in the mamtransfected neurons and can be used to evaluate the role malian visual system, monocular deprivation alters denof different signaling pathways in regulating dendritic dritic development in the lateral geniculate nucleus and growth (Threadgill et To determine if calcium influx was sufficient to drive increased and then decayed to approximately 50% of the maximal response ( Figure 1P Figures 1H-1P ). In signaling, we examined the consequence of various pharmacological perturbations on KCl-induced denresponse to KCl stimulation, intracellular calcium rapidly Figure 1Q , KCl-induced dendendritic growth, constitutively active mutants that lack the autoregulatory domain had striking but opposite efdritic growth was blocked by EGTA, indicating that the dendritic growth effect is calcium mediated. In addition, fects on dendritic growth. Expression of a constitutively active form of CaM kinase IV (CaMKIV ca) induced a KCl-induced dendritic growth was suppressed by Nifedipine, but not APV ( Figure 1R , 1996) . CaM kinase IV induces CREB-mediated trandependent dendritic growth by KN62, together with the effects of altering CaM kinase IV levels and activity on scription by phosphorylation of CREB at Ser133, which is required for CREB to associate with its coactivator, dendritic growth, strongly suggests that CaM kinase IV is a major effector of calcium-dependent dendritic CBP (Hu et al., 1999; Chawla et al., 1998). We therefore carried out a series of experiments to examine the role growth in cortical neurons.
Calcium signals could influence dendritic morphology of CREB and CBP in calcium and CaM kinase IV-induced dendritic growth. To determine if CREB function was either by inducing local cytoskeletal changes or by regulating the synthesis of proteins that control dendritic required for activity-dependent dendritic growth, we examined the consequences of expressing a dominant growth. Since CaM kinase IV is best characterized for its role in transcriptional regulation, the involvement of negative mutant of CREB in cortical neurons (Walton et al., 1992) . As shown in Figure 5A , KCl-induced dendritic CaM kinase IV suggests that calcium-dependent dendritic growth may require new protein synthesis. To test growth was completely blocked by dominant negative CREB, indicating that calcium-dependent dendritic this possibility directly, we treated cortical cultures with the protein synthesis inhibitor cycloheximide, either imgrowth requires CREB function. Since we propose that CaM kinase IV is a key mediator of activity-dependent mediately prior to stimulation or at various times after (Figure 7E ), indicating that calcium signaling increases cortical neurons in slice cultures have a fairly high dethe overall complexity of the dendritic tree rather than gree of spontaneous activity, which makes them suitable simply extending the length of existing dendrites. for studies of activity-dependent dendritic growth.
Finally, we examined the consequence of inhibiting The two principal conclusions of our cell culture ex-CREB function on dendritic development in cortical slice periments were that calcium influx via L-VSCCs induces cultures. For these experiments, P7 cortical slices were dendritic growth, and that this requires CREB-mediated transfected with GFP together with a control vector or transcription. To determine if these key features were a dominant negative CREB construct (KCREB). As also true for dendritic growth in cortical slices, we first shown in Figures 7F-7I , total dendritic length and denexamined whether L-VSCC activation regulated CREB dritic complexity were sharply reduced in cells expressphosphorylation in cortical slices under spontaneous ing dominant negative CREB. Thus, as surmised from activity conditions. Western blots indicated that phosthe cell culture experiments, CREB-mediated transcription plays an important role in regulating cortical denphorylated CREB could be readily detected in untreated , 2002) . In our experiments, the fact the timing of innervation, it seems likely that intrinsic genetic programs and extracellular factors are most imthat inhibitors of either CaM kinases or MAP kinase block calcium-dependent dendritic growth is consistent portant during embryonic development, and that activity becomes progressively more important during postnatal with the dual requirement of these kinases in activation of CREB. Constitutively active CaM kinase IV is probably development. While this is a reasonable speculation, it has not been rigorously tested. Selective inactivation of effective in inducing dendritic growth because it can sustain CREB phosphorylation due to its continued L-VSCC, CaM kinase IV, or CREB during specific periods of development should help address these issues. presence in transfected neurons, and it is effective in activating CBP (Hu et al., 1999; L.R. and A. G., unpubWhile we have focused on the role of transcriptiondependent mechanisms in this study, it is likely that lished observations). Activation of MEK alone, in contrast, may not be effective in inducing dendritic growth local calcium signaling events also play an important role in dendritic patterning. In addition to previous studbecause of its inability to activate CBP (Hu et al., 1999) Calcium imaging of spontaneous calcium transients was performed cells were then traced using ClarisDraw software. To assess the on rat cortical slices (Mao et al., 2001 ). Briefly, rat pups ranging in effects of pharmacological treatments and expression constructs age from P7-P14 were quickly decapitated. The whole brain was on dendritic growth, the dendritic trees of at least 25 neurons were removed and mounted on a vibratome cutting block in an ice cold reconstructed and the total dendritic length was determined using bath of ACSF bubbled with 95% O 2 and 5% CO 2 . (ACSF composition IP Lab Spectrum software. Data are shown as mean Ϯ standard follows in mM: 123 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 10 glucose, 6 error. Asterisks indicate statistically significant differences (p Ͻ KCl, 1 CaCl 2 , 2 MgCl 2 .) Brain sections were cut approximately 300-0.05).
350 m in thickness and cultured for 1 day in serum containing media at 37ЊC in an incubator. Immediately before imaging, slices were loaded with 10-15 M Fura-2AM (Molecular Probes) for 1 Calcium Imaging in Dissociated Cell Cultures Dissociated cortical neurons were cultured on poly-lysine/laminin hr at 37ЊC and then washed with ACSF for 10-15 min to reduce background fluorescence. The slice was then loaded onto the stage coated 35 mm glass bottom tissue culture dishes (MatTek) at 1.5 ϫ 10 6 cells per dish and imaged after 2 DIV. On the day of imaging, of a Nikon Eclipse TE300 inverted scope and visualized using a 40ϫ oil immersion objective (Nikon). Solutions were changed using a cells were washed twice with DMEM and incubated with 2.5 M Fura-2AM (Molecular Probes) in DMEM for 15 min at 37ЊC. The cells gravity-based perfusion system with flow rates around 3-5 ml/min. Images were acquired using a Hammatsu Orca digital camera driven were washed twice with DMEM and left at 37ЊC for another 15 min to allow for complete hydrolysis of the acetoxymethyl (AM) ester by Openlab Software (Improvision). Frames were acquired at 1 Hz for 300-500 s. After a solution change, the slices were allowed to moiety. In experiments where Nifedipine was added, cells were incubated with 20 M Nifedipine (Calbiochem) during this second equilibriate in new solutions for several minutes before recording began. DMEM incubation. In these experiments, all subsequent solutions
